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Abstract

Intraseasonal oscillations appearing in a newly available 20-year record of satellite-derived
surface air temperature are composited with respect to the lunar phase. Polar regions exhibit
strong lunar phase modulation with higher temperatures occuring near full moon and lower
temperatures at new moon, in agreement with previous studies. The polar response to the
apparent lunar forcing is shown to be most robust in the winter months when solar influence is
minimum. In addition, the response appears to be influenced by ENSO events. The highest mean
temperature range between full moon and new moon in the polar region between 60° and 90 °
latitude was recorded in 1983, 1986/87, and 1990/91. Although the largest lunar phase signal is
in the polar regions, there is a tendency for meridional equatorward progression of anomalies in

both hemispheres so that the warming in the tropics accurs at the time of the new moon.



1. Introduction

Over the last four decades a number of studies have identified significant lunar phase signal in
precipitation (Bradley et al, 1962, Adderley and Bowen, 1962, Brier and Bradley, 1964, Hanson
et al, 1987), thunderstorm frequency (Lethbridge, 1970), and in sunshine observations (Lund,
1965). A number of these studies have been reviewed by Markson (1971). More recently, lunar
phase modulation has been detected in satellite-derived global lower tropospheric (lowest 6 km)
temperatures (Balling and Cerveny, 1995a,b, Shaffer et al, 1997). The relationship between the
global temperatures and lunar phase is such that the Earth is warmer by 0.02 degrees at the
time of full moon compared to the time of the new moon.

A number of possible mechanisms have been proposed to explain this modulation. They
include: (i) the effect of lunar tidal forces on atmospheric circulation patterns (Hanson et al,
1987, Nicholls and Pielke, 1993, 1994), (ii) direct effect of emitted and reflected radiation from
the lunar surface (Balling and Cerveny, 1995), and (iii) changes in incoming solar radiation due
to barycentric motion of the Earth and moon which places the Earth closer to the sun at the
time of the full moon than it is on average (Dyre, 1995, Voorhies, 1995).

In the present study we use a newly available 20-year record of satellite-derived daily global
surface air temperature to show further evidence of the lunar phase modulation reported by
Balling and Cerveny (1995a,b) and Shaffer et al (1997). Further, we show that this modulation
is more dominant during the winter months of either hemisphere. Moreover, a preliminary in-
vestigation of the year-to-year variability of this relationship has revealed what appears to be
an ENSO influence on the amplitude of the lunar phase signal: the range in polar temperature
difference between full moon and new moon is highest during the El Ninos of 1993, 1986/87, and

1990/91.

2. Data



The Goddard TIROS Operational Vertical Sounder (TOVS) surface air temperature is part
of a set of geophysical fields derived from radiances measured by the High Resolution Infrared
Sounder2 (HIRS2) and Microwave Sounding Unit (MSU) instruments on board the NOAA polar
orbiting satellites. Although these instruments are primarily designed for atmospheric sounding,
the Path A interactive forecast-retrieval-analysis system used to retrieve the parameters also
produces estimates of surface air temperature and specific humidity in the lowest 50 meters of
the atmosphere (Susskind et al, 1997). The parameters are obtained by using the shape of the
model forecast field in the boundary layer and the TOVS measurements in HIRS2 4.57 and
4.52 channels which are sensitive to temperatures near the Earth’s surface. This surface air
temperature compares well with in-situ observations (Anyamba and Susskind, 1997).

Over the 20-year period, 1979-1998, the TOVS data are available four times a day (0130, 0730,
1330, 1930 LT) in 1981-1983 and 1989-1998, and twice daily in 1979-1981, and 1984-1988. In this
study we used a blend of the 1330 and 1930 LT observations in 1989-1998, 0130 and 1330 LT in
1979 and 1984-1987, and, a blend of 0730 and 1930 LT in 1987-1988. The blending fills data gaps
in one orbit with values from the second orbit. Any remaining data gaps were filled with weighted
averages from the surrounding eight grid points. Dates of the full moon for 1979-1998 were ob-

tatined from Ray Sterner’s web site at http://fermi.jhuapl.edu/slr/amastro/tools/fullmoons.txt.

3. Analysis

A preliminary spectral analysis of the 20-year daily global mean surface air temperature
revealed a series of statistically significant spectral peaks in the intraseasonal range of 20-50 days
(Figure 1). Our main task is to determine the relationship between these variations and the lunar
phase. In order to isolate the intraseasonal variations, the time series for each year at every grid
point were band-pass filtered by a Fourier based filter that removed periods shorter than 7 days

and longer than 60 days. The routine is described in Press et al (1986, pages 495-497). The



resulting daily anomalies were then composited relative to the date of the full moon for each of
the 245 lunar months in the entire 20-year period. The results presented below are based on the
average of these 245 lunar months.

4.Results

Seasonal dependence of the lunar phase influence

Figure 2 (a) shows the evolution of zonal mean intraseasonal anomalies relative to the phase
of the full moon. The anomalies are averages over 245 lunar cycles in the 20-year period. This
figure shows a clear stratification of high latitude anomalies relative to the phase of the lunar
cycle. Positive anomalies in excess of 0.3°C occur several days prior to the full moon, while
negative anomalies occur around the new moon. This result is in excellent agreement with the
findings of Shaffer et al (1997) who used MSU2 data for the period 1979-1996.

One of the mechanisms suggested for the warmer temperatures at the time of the full moon
is direct heating by emitted and reflected radiation from the lunar surface. To address this
possibility, we divided the composites into two sets corresponding to the northern hemisphere
(NH) winter (October-March), and southern hemisphere (SH) winter (April-September). These
seasons correspond to the time of the year when at least some part of the respective polar regions
receives no sunshine. (Fig. 7.16, Wallace and Hobbs, 1977). Radiation from the lunar surface is
expected to play a relatively major role in modulating the polar temperatures in winter compared
to the summer season. Figures 2 (b) and (c¢) show the seasonal composites for the NH winter and
SH winter, respectively. Indeed the signals are stronger and the lunar phase relationship better
defined in the winter hemisphere. In particular, in the region between 60° and 90° latitude,
the zonal mean temperature difference between full moon and new moon exceeds 0.8°C. Shaffer
et al reported values exceeding 0.55°C on annual mean basis. An interesting feature to note
especially in the NH is the tendency for the middle latitudes (40°-60°N) to be out of phase with

the polar regions. The anomalies also have a slight equatorward propagation so that the positive



anomalies in the tropics (about 0.02) occur around the new moon period. This differential
warming at different latitudes was also noted by Shaffer et al (1997).
Year-to-year variability of the lunar phase signal

In order to determine the statistical significance and reproducibility of the relationship in
Figure 2, we computed an index that is a measure of the amplitude or strength of the lunar
phase signal. This index is computed as the 7-day area-mean temperature anomaly in the
latitude band 60°-90° at full moon (-/+ 3 days) minus the corresponding anomaly at new moon
(-/+ 3 days). This index was computed for each lunar month, then averaged to form NH winter
and SH winter averages for each year. Winter 1979 corresponds to October 1979 to March 1980.
Figure 3 shows the 20-year timeseries of the NH winter (thick line) and SH winter (thin line).
The 20-year mean values of these indices are 0.24°C and 0.36°C, with standard deviations of 0.5°
and 0.6°C for the NH winter and SH winter, respectively.

To test the statistical significance of the indices, a set of monthly composites determined in
the same manner as the lunar phase composites were generated using different days of the month
(the 1st, 9th, 17th and 25th) as the key days in place of the full moon dates. Indices defined
as the 60°-90° area-averaged anomaly at the key date (-/+ 3 days) minus the anomaly 14 days
later (-/+ 3 days) were then used in a two-sample Student’s t-test to determine the significance
of the indices in Figure 3. Both indices are highly significant at 0.01 significance level. Global
mean indices (not shown) were also computed. The global mean temperature difference between
full moon and new moon was 0.032 in SH winter and only 0.003 in NH winter, with an annual
average of 0.017. This value is in good agreement with the value of 0.02 reported by Balling and
Cerveny (1995). The global mean during SH winter is highly significant at 0.01 level, while the
NH winter value is only marginally significant at 0.10 level. This is probably due to the stronger
synoptic scale systems in the NH winter which mask weak global scale signals.

The indices in Figure 3, are positive on average, confirming the result that the polar regions



are warmer at full moon compared to new moon. However there is marked interannual variability.
The largest amplitudes exceeding one standard deviation for both hemispheres occurred during
1983, 1986/87, and 1990/91 (El Nino years). The SH winter amplitude was also high in 1993
and 1996. On the other hand 1989 (La Nina year) had the lowest value. Zonal mean anomalies
were averaged over the years 1983, 84, 86,87, 90, 91, 93, and 96 for SH winter, and 1981, 83,
87, 90, and 91 for NH winter. The prominent feature (not shown) was not only a much higher
temperature range (about 2°C) between full moon and new moon, but also a marked equator-
ward progression of anomalies. On the other hand, the average of 1989 and 1992 showed a slight
warming in the midlatitudes at the full moon, which then progressed poleward. This apparent
ENSO-related modulation is an interesting finding in the present study and would imply that
even though there may be external lunar related modulation of surface air temperature, its effect
may be dependent on the prevailing conditions determined by other signals in the Earth’s climate
system. In Figure 4, we present an example of the actual timeseries of zonal mean anomalies
for April 1986 to March 1987. We note that although the anomalies are strongest in the polar
regions (range of about 6°C), they extend into the tropics where the range is about 0.8°C. There
is a tendency for equatorward progression of anomalies so that the equatorial zone lags the polar

regions by about two weeks.

5. Discussion

Intraseasonal oscillations have been studied extensively since the discovery of the tropical
component by Madden and Julian (1972). Though the oscillations are known to be global,
detailed studies of the polar regions have been hampered by lack of reliable daily observations.
The TOVS data used here are not only available daily on a 1° by 1° grid, but also contain realistic
intraseasonal signals (Anyamba et al, 2000).

Balling and Cerveny (1995a,b) and Shaffer et al (1997) were the first to link the oscillations in



the polar regions to lunar-related forcing. In the present study we present further evidence of this
influence using the newly available satellite-derived surface air temperature data set. Unlike, the
MSU2 product used in the previous study, the TOVS product is more representative of conditions
near the Farth’s surface. Nonetheless, the results presented here are in excellent agreement with
the previous findings. We have further shown that the lunar phase signal in the polar regions
is more robust during the winter months when radiation from the moon is expected to have a
more significant effect on polar temperatures. This finding supports direct radiation from the
lunar surface as being the cause of the warmer temperatures experienced at full moon. During
the winter months, the 20-year mean zonally-averaged temperature difference between full moon
and new moon is 0.24° in the northern polar regions and 0.36° in the southern polar regions. The
corresponding seasonal range between winter and summer is about 30° C in the NH and 20°C is
SH. The the lunar phase signal is thus only 0.8 and 1.8 percent of the respective seasonal cycle
in the NH, and SH polar regions. Nonetheless, it is highly significant and requires further study
as a likely external forcing mechanism on the intraseasonal time scales.

A further finding in this study is the apparent modulation of the lunar phase signal by ENSO
events. The temperature range between full moon and new moon was largest during the El Nino
events of 1983, 1986/87, and 1990/91, but not the recent 1997/98 event. During these years
there was marked equatorward progression of the anomalies during the lunar month so that the
tropics lagged the polar regions by about two weeks. ENSQO events are known to modulate polar
climates (e.g. Gloersen, 1995) and it is likely that the response of the polar regions to lunar
forcing depends on the prevailing conditions, such as cloud cover and precipitation which are
themselves modulated by ENSO. On the other hand, intraseasonal variations are believed to
play a role in triggering El Nino onset (Lau and Chan, 1986). Further investigations using the
now available data sets should shed some light on the possibility of lunar-related mechanisms as

being the primary forcing for the global intraseasonal oscillations. Understanding of the nature of



interaction between these oscillations and the ENSO phenomenon would also contribute toward
improvement of short-term climate prediction.
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Figure Captions

Figure 1: Power spectrum of 20-year record of daily global mean surface air temperature (K2.day).
The thick curve is the power spectral density normalized by the variance, thin curve is the
estimated red noise, and the dotted curve is the 99% confidence level.

Figure 2: 20-year mean zonally averaged intraseasonal anomalies composited with respect to the
date of the full moon: (a) annual mean, (b) October-March (NH winter), (c) April-September
(SH winter).

Figure 3: Timeseries of an index of the temperature range between full moon and new moon for
NH winter (thick curve) and SH winter (thin curve).

Figure 4: Timeseries of zonally-averaged intraseasonal temperature anomalies (°C) from April

1986 to March 1987.
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